Thin-film patterned magnetic nanostructures are widely employed within perceived magnonic device architectures to guide and/or manipulate spin waves for data processing and communication purposes. Here, using micromagnetic simulations, we explore how the internal magnetic field nonuniformity inherent to patterned magnetic nanostructures can also be exploited to create spin-wave sources. The spin-wave emission is achieved through the resonant excitation of finite-sized regions of increased effective magnetic field formed near the edges of patterned structures. The phenomenon is rather universal and could be used to generate magnetodipole, dipole-exchange, and exchange dominated spin waves. Depending on the frequency of excitation and parameters of the nanostructures, the emitted spin waves may form either highly directional spin-wave caustic beams or more regular plane spin waves.
I. INTRODUCTION
T HE patterning of magnetic nanostructures, in order to steer [1] - [3] , modulate [4] , [5] , or otherwise modify [6] , [7] the properties of propagating spin waves, has led to the successful design of many elements of perceived magnonic computing architectures [8] - [12] . Indeed, it has been predicted [13] that this progress could eventually lead to the use of spin waves as information carriers within future data processing and communication technologies.
The patterning, however, is not only capable of modifying the character of propagating and standing spin waves but can also lead to the formation of spin-wave sources. Recently, we demonstrated [14] that an isolated magnetic antidot patterned in an otherwise continuous magnetized film of Yttrium-Iron-Garnet (YIG) creates regions of increased (both static and dynamic) demagnetizing field in its vicinity, relative to that in the continuous film. As a result, upon exciting the whole sample with a microwave magnetic field tuned in frequency so as to resonantly couple [15] only to the regions of the increased demagnetizing field, the latter regions acted as emitters of propagating spin waves.
In [14] , the relatively large thickness of the YIG film (10 μm) and the macroscopic diameter of the antidot (100 μm) led to the magnetodipole interaction dominating the observed magnetization dynamics. Therefore, the spin waves observed in [14] formed spin-wave caustic beams [16] . It is well known, however, that the magnetodipole interaction only dominates at the long-wavelength limit. When the system's dimensions instead approach the nanometer scale, the isotropic exchange interaction becomes increasingly important, and must, therefore, be considered on equal footing. This raises the question of how the character of spin waves excited using the method from [14] changes upon down-sizing the sample.
Here, we use micromagnetic calculations to investigate how the character of the spin waves excited through the resonant pumping of internal field nonuniformities changes upon the downscaling of the magnonic system. First, we consider spin waves emitted by circular antidots patterned in 40 and 6 nm-thick Permalloy-like films. Due to the interplay between the anisotropic magnetodipole and isotropic exchange interactions, this difference in the film thickness is observed to lead to a dramatic change in the character of the emitted propagating spin waves. In the former (thicker) sample, the propagation of spin waves is highly anisotropic, with a tendency to form caustic beams, whereas in the latter (thinner) sample, a more isotropic spin-wave emission is observed. Finally, we consider a 40 nm-thick semi-infinite film (modeled as a very wide stripe) magnetized along its edge. This patterning geometry removes entirely the static contribution of the demagnetizing field. The edge of the stripe is observed to emit propagating spin waves, which is due to the resonant pumping of the regions of increased dynamic demagnetizing field near the edge.
II. METHODOLOGY
Throughout this paper, we use the object-oriented micromagnetic framework [17] to perform micromagnetic calculations [3] . The antidot samples considered are schematically shown in Fig. 1(a) . A circular antidot of 200 nm diameter is formed within an otherwise continuous film of Permalloy-like material. The exchange stiffness A, magnetization of saturation M S , gyromagnetic ratio γ /2π, and damping parameter are set to 1.3 μerg/cm, 800 G, 2.80 MHz/Oe, and 0.008, respectively. The film thickness s was set to either 40 or 6 nm, and a bias field H B was applied in the plane of the film, parallel to the z-axis. 2-D periodic boundary conditions [18] were applied to a square supercell of 6 μm length [ Fig. 1(a) ]. As in [14] , the large size of the supercell allowed us to assume the antidot was in isolation. The sample was discretized into 5 × 5 nm 2 mesh cells in the yz plane, with no discretization across the sample thickness.
In the first series of simulations, the system was magnetized fully along the z-axis and then relaxed in a bias magnetic field H B applied along the same direction and its magnitude reduced in steps from 4000 to 500 Oe, with a full relaxation achieved at each step. In the second set of simulations, 0018-9464 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. a spatially uniform alternating field h cw of 1 Oe amplitude was applied along the y-axis
where f was the frequency of the excitation.
III. RESULTS AND DISCUSSION

1) 40 nm-Thick Antidot:
Let us first consider the case of an antidot embedded within a 40 nm-thick film. The spatial distribution of the projection of the static internal field H i (the sum of the Zeeman H B and demagnetizing H dem fields) onto the static magnetization is shown in Fig. 2(a) , and strongly resembles that observed in [14] . Specifically, the regions above and below the antidot have a reduced internal field, and the regions immediately left and right of the antidot have an increased internal field (relative to the rest of the film where H i ≈ 500 Oe). Due to the greater magnetization of saturation of Permalloy (as compared with that of YIG), the variation of the internal field across the sample here is substantially stronger.
Using the internal field distribution shown in Fig. 2(a) , we can calculate the distribution of the local frequency of ferromagnetic resonance ( f FMR ). This is defined as the limiting case of the spin-wave frequency as k → 0, and in a continuous film [19] is given by the Kittel formula
Following the method from [14] , Fig. 2(b) shows the spatial variation of local resonance frequency f FMR (y, z), which is equal to 6.44 GHz in the continuous film. As expected, f FMR (y, z) resembles the distribution of H i shown in Fig. 2(a) , in that low-frequency resonances exist above and below the antidot, and and regions of high local resonance frequency sit on the left and right sides of the antidot. Now, a continuous excitation of the sample with a harmonic field transfers its energy most efficiently to the regions with a similar local resonance frequency, e.g., exciting the entire system at a frequency of 9 GHz leads to the resonant excitation of ring-shaped regions of the sample on the left-hand and righthand sides of the antidot, where the local resonance frequency is equal to 9 GHz. The result of exciting the sample at 9 and 15 GHz is shown in Fig. 2(c) and (d) (left) . Shown here are the snapshots of the dynamic out-of-plane component of magnetization taken 4 ns after the onset of the h cw field. In general, the directions of the phase and group velocities of the emitted spin waves are observed to form rather large angles. This is explained by the shape of the isofrequency curves characterizing the spin waves at the excitation frequency in reciprocal space [ Fig. 2(c) and (d) (right)], (note that the dc contribution has been nulled). The spin-wave amplitude is predominantly concentrated across the small wave-vector, quasi-linear sections of the isofrequency curve [12] , which leads to the noncollinear phase and group velocities and also beaming of the spin-wave amplitude.
2) 6 nm-Thick Antidot: Upon reducing the film thickness from 40 to 6 nm, it is anticipated that the exchange interaction will play a more significant role in the dispersion of the emitted spin waves. Shown in Fig. 3(a) (left) is a snapshot of the dynamic out-of-plane component of the magnetization taken 4 ns after the onset of the pumping field of 9 GHz frequency frequency. In contrast to Fig. 2(c) , here, the shape of the spin-wave phase fronts is determined by the shape of the source, propagating almost in a beam-like fashion, as also observed, e.g., in [21] . This difference in behaviour arises due to the dominance of the exchange interaction and associated greater isotropy of the spin-wave dispersion, as one can see from Fig. 3 (right) . Specifically, the exchange interaction has caused the isofrequency curves to become more elliptical in shape. With most of the excited spin-wave amplitude concentrated along the y-axis, the spin waves consequently have approximately parallel group and phase velocities. The dominance of the exchange interaction is more apparent at the higher excitation frequency of 15 GHz.
3) Semi-Infinite Film: In sections 1) and 2), the increase in the local frequency of resonance was delivered through a combination of both the static and dynamic demagnetizing fields. Let us now consider the spin-wave emission from an isolated straight edge of a semi-infinite magnetic film, modeled by a sufficiently wide magnetic stripe of infinite length [ Fig. 1(b) ]. The length, width, and thickness of the stripe's supercell were 100 nm, 20 μm, and 40 nm, respectively, and 1-D periodic boundary conditions [22] were applied along the z-axis (length direction) so as to form an infinitely long stripe. The stripe was magnetized along its long axis.
The distribution of the static demagnetizing field across the width of the stripe is uniformly zero. In contrast, the dynamic demagnetizing field (i.e., the field induced by the magnetization precession leading to formation of dynamic magnetic charges at the film edge) is significantly nonuniform, highest at the film edge, and quickly decreasing as we move away from the edge. Hence, this sample allows us to verify if the dynamic demagnetizing field on its own could provide us with a source of propagating spin waves.
Shown in Fig. 4(a) is the dynamic out-of-plane component of magnetization across the first 10 μm from the film's edge, extracted 4 ns after the onset of the excitation at 15 GHz. No quantized (standing) modes are observed due to the film's width far exceeding the spin-wave relaxation length (this indicates that the stripe models a semi-infinite film well). However, an oscillatory pattern of the dynamic magnetization is observed close to the film's edge instead. Sequential snapshots of the dynamic magnetization within the first micrometer from the edge are shown in Fig. 4 (b) in time steps of 16.7 ps. The snapshots reveal a propagating character of the oscillations, confirming that we are indeed observing the emission of propagating spin waves.
To examine how the excited spin waves depend on the frequency of excitation, we repeated the dynamic simulations for a range of excitation frequencies from 10 to 17 GHz, in steps of 0.5 GHz. The spatial distributions of the wave field simulated at each frequency were Fourier transformed. Fig. 4(c) shows the spin-wave dispersion calculated in this way [23] , which resembles the Damon-Eshbach dispersion relation [24] . This reveals that the emitted spin waves are of the magnetodipole nature (as expected from the thickness of the film).
The observed excitation of spin waves by the dynamic demagnetizing field could also be interpreted by noting that the field could be described by the effective pinning included within appropriate boundary conditions [25] . At the same time, the possibility of spin-wave excitation at boundaries with a finite pinning is well known [26] - [28] and is general indeed. The role of the dynamic demagnetizing field in generating the pinning can also be inferred from analytical calculations from [28] , from which it follows that zero-pinning disables excitation of spin waves with a finite wave number in the exchange approximation.
IV. CONCLUSION
We have used micromagnetic simulations to demonstrate that propagating spin waves can be excited near edges of patterned nanostructures via targeted resonant excitation of well-defined regions of the nanostructures in which the static and/or dynamic internal magnetic field is raised compared with that far from the edges. This mechanism is capable of exciting both magnetodipole and dipole-exchange spin waves, depending on the frequency of excitation and/or the film thickness. Furthermore, the uniformity of the exciting magnetic field implies that the excitation could also accompany such common measurement techniques of magnonics as cavity and waveguide-based ferromagnetic resonance spectroscopy [29] , time-resolved scanning Kerr microscopy [1] , and microwaveassisted Brillouin light scattering imaging [14] , [20] .
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